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In recent years, by increasing the penetration of renewable energy sources 
(RESs), the development of power electronic converters, and environmental 
concerns, the utilizing of DC Microgrids has been dramatically increased. 
However, besides the advantages of DC Microgrids over AC systems, the 
protection of these systems has not been significantly studied and developed. 
Therefore, this work proposed and suggested localized fault detection and 
location schemes for DC Microgrids with both radial and ring configurations 
during islanded and grid-connected modes. Furthermore, the different types of 
loads, such as constant power loads (CPLs), DC motors, and DC resistive 
loads are considered and the impact of CPLs on the protection of DC 
Microgrids is investigated. In addition, due to eliminating the communication 
links in the proposed protection system, the cost and reliability of DC 
Microgrid protection systems are improved. On the other hand, for providing 
more power support and better reliability, the concept of DC Microgrid cluster 
has been presented in recent years. However, there is a lack of study on the 
protection of these systems. This work also proposes several fault detection 
and location schemes for these systems based on different transient signal 
processing tools. The proposed schemes are tested by simulation in MATLAB 
and Digsilent, and by experimentation by dSPACE. The results of the 
suggested protection scheme are shown during different scenarios such as high 
impedance fault, overload, noise, and bad calibration. The outcome of this 
work proves the effectiveness of the proposed local fault detection and 







I de senere år er brugen af DC-mikronet blevet øget på grund af stigningen 
i penetrationen af vedvarende energikilder (RES), udviklingen af elektroniske 
kraftomformere og miljøhensyn. På trods af fordelene ved DC Microgrids i 
forhold til AC-systemer er beskyttelsen af disse systemer ikke blevet 
undersøgt og udviklet signifikant. Derfor foreslog denne ph.d.-afhandling 
lokaliserede fejldetekterings- og placeringsskemaer for DC-mikronetværk 
med både radial og ringkonfiguration under ø-og net-tilsluttet tilstande. 
Desuden overvejes de forskellige typer belastninger, såsom konstant 
effektbelastninger (CPL'er), jævnstrømsmotorer og 
jævnstrømsmodstandsbelastninger, og CPL'ernes indvirkning på beskyttelsen 
af jævnstrømsnetværk undersøges. Desuden forbedres omkostningerne og 
pålideligheden af DC Microgrid-beskyttelsessystemer på grund af eliminering 
af kommunikationslinkene i det foreslåede beskyttelsessystem. For at give 
mere support og bedre pålidelighed er konceptet med DC Microgrid-klynge 
præsenteret i de seneste år. Der mangler dog undersøgelse af beskyttelsen af 
disse systemer. Dette arbejde foreslår også flere fejlregistrerings- og 
lokaliseringsskemaer for disse systemer baseret på forskellige hurtige 
signalbehandlingsværktøjer. De foreslåede ordninger testes ved simulering i 
MATLAB og Digsilent og ved eksperimentering med dSPACE. Resultaterne 
af den foreslåede beskyttelsesordning vises under forskellige scenarier såsom 
højimpedansfejl, overbelastning, støj og dårlig kalibrering. Resultatet af dette 
arbejde beviser effektiviteten af den foreslåede lokale fejldetektering og 
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1.1.Background and Motivation 
Developments in power electronic converters, energy storage devices, 
renewable energy sources (RESs), and modern control strategies lead to 
implementing and increasing the penetration of DC Microgrids in power 
distribution systems [1]. In DC Microgrids, different types of RESs such as 
microturbines, wind turbines (WTs), fuel cells (FCs), and photovoltaic (PV) 
arrays produce power with different types of electricity, AC or DC, and 
frequencies. Therefore, power electronic converters are essential in these 
systems to connecting all RESs [2]. Because the nature of the majority of loads 
is DC, in DC Microgrids, DC loads and RESs can connect to a common DC 
bus with fewer conversion stages. Therefore, it results in fewer power losses 
and costs compared to AC Microgrids. In summary, the advantages of DC 
Microgrids over AC systems can be presented as 
• The majority of residential loads are DC or can be operated by DC 
voltage. 
• AC and DC systems require six and two current leads, respectively, 
that can reduce losses in DC microgrids, and thus lower refrigeration 
and cost [3]. 
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• Lack of skin effect in DC cables, then, the power losses in cables 
decrease by 15–20% [4]. 
• More safety of DC systems for human bodies [5]. 
• Higher power transfer capacity [5]. 
• Fewer conversion stages reduce the power losses and heat because 
the majority of loads and resources are DC [6]. 
• The majority of the storage devices such as battery and ultra-
capacitors are DC [7]. 
• Due to the lack of frequency and phase in DC systems, 
synchronization problems are eliminated in DC Microgrids [8]. 
DC Microgrids are implemented and considered in several applications by 
two different voltage levels, low voltage (LV) and medium voltage (MV). 
Typically, in shipboard and maritime DC Microgrids, the MV level is 
considered, rated from 1.5 kV to 22 kV, since it enables to prepare energy and 
power density of maritime systems [9]-[10]. On the other hand, the LVDC 
Microgrids are used in wide applications such as residential, electric vehicles, 
and telecom systems [11]-[13]. Moreover, in the case of urban DC Microgrids, 
for improving the power support and management, several DC Microgrids can 
be connected to make a DC Microgrid cluster [14].  
It is undeniable fact that after the recent technical developments in the 
power electronic converters, DC systems had wide attention. Due to these 
developments, DC/DC and AC/DC converters with more flexibility in 
variously rated voltages are widely implemented in DC systems [15]. 
However, the availability of converters causes more penetration of RESs in 
DC Microgrids by higher numbers of point of common coupling (PCC), which 
3 
 
causes the need for more complex and smart protection, control, and 
management systems to ensure reliable and safe operation of DC Microgrid.  
Based on the above explanations, the DC Microgrids have advantages over 
conventional AC systems, however, they have associated with some 
protection problems. The lack of zero-crossing point, fast high rise fault 
current performance, lower tolerant of power electronic devices, and lack of 
proper protection standards cause the require of fast fault detection in these 
systems, also, during high impedance faults (HIFs), the requirements of a HIF 
location scheme will be essential. Furthermore, due to the cost, noise, delay, 
and packet dropout of communication infrastructures, eliminating the 
communication link in protection systems greatly improve the performance of 
protection systems. Then, the lack of improved protection systems for DC 
Microgrids is a barrier to the wide DC implementation at distribution levels. 
A well-designed protection system guarantees reliable operation with high 
security and dependability of a DC Microgrid.  
1.2.Overview, Hypothesis, and Aims 
The introduction of RESs a formation of DC Microgrids has a profound 
effect on the performance and operation of protection systems, and it makes 
new requirements to satisfy the safety and reliability of the system [16]. In 
particular, the nature of a DC Microgrid requires a fast and reliable protection 
system capable of detecting and locating both LIFs and HIFs. Moreover, the 
majority of existing protection systems utilize the communication link to use 
the measured values of both sides of each line to detect and locate faults. 
However, the implementation of communication links increases cost, delay, 
noise, failure probability, and packet dropout, which dramatically decreases 
the effectivity of the protection system. Consequently, avoiding 
communication links improves the reliability and cost of DC Microgrids. 
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 On the other hand, during the HIFs, due to the small change of fault 
current, the detecting and locating of HIFs and also distinguishing overload 
and fault current are challenging problems. Therefore, the protection system 
should be equipped with a HIF detection and location function to protect the 
system during these types of faults.  
In DC Microgrids, several different types of loads are installed, such as DC 
motor, resistive loads, and constant power loads (CPLs). However, the 
existing studies neglected the impact of CPLs on protection systems. 
Therefore, since the majority of loads are CPLs and they have a different 
system behavior during faults, it is essential to also implement the CPL 
protection system in DC Microgrids. 
Based on the aforementioned issues and challenges, the aims with this 
project are: 
• to investigate the impact of CPLs during fault and propose a CPL 
protection system, 
• to detect faults in mesh DC Microgrids within the lowest possible 
time without using communication links, 
• to locate both LIFs and HIFs in DC Microgrids by local measured 
values by highest accuracy, 
• to investigate the behavior of DC Microgrid clusters during fault 
and propose a local protection system for them, 
1.3.Outline of the Papers 
The thesis is constructed as summary, based on the contribution of 
published/submitted papers. The main contribution of this thesis is based on 
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1.4.   Thesis Structure 
The thesis is organized into the following chapters. 
JP1
Protection in DC microgrids: 
a comparative review
JP2
Localized Protection of Radial DC 
Microgrids With High Penetration of 
Constant Power Loads
JP3
A Fuse Saving Scheme for DC Microgrids 
With High Penetration of Renewable 
Energy Resources
JP4
Local Fault Location in Meshed 




Local Fault Detection in DC 
Microgrid Clusters Article
JP7
A Local High Impedance Fault Detection Scheme 
Using Empirical Mode Decomposition and Hilbert-
Huang Transform for DC Microgrid Clusters
JP6
Local High-Impedance Fault 
Location Strategy for DC 








Chapter 2 starts with a literature review on the protection of DC 
Microgrids. Then, the focus is placed on the particular requirements of DC 
Microgrid protection systems and on existing works. The main parts of this 
chapter have been presented in journal paper JP1. 
Chapter 3 proposes a local fault detection scheme for both DC Microgrids 
and DC Microgrid clusters based on the transient behavior of fault current. In 
this fast fault detection scheme, faults are detected by only using the signals 
of the current sensor at one end of the line segment. Accordingly, the fault 
detection method does not rely on the communication link, and synchronized 
measured current from both sides of the line. The speed and other 
characteristics of the proposed method are compared with other methods and 
tested by simulations and experimentations. The main parts of this chapter 
have been presented in journal papers JP3, JP5, and JP7. 
Chapter 4 suggests the HIF location scheme for both DC Microgrids and 
DC Microgrid clusters based on local measurements. The proposed strategies 
are designed based on the performance of each section of DC Microgrids. At 
the first stage, the low impedance fault (LIF) and HIF location are designed 
for constant power loads (CPLs). Then, the HIF location is proposed for 
meshed DC Microgrids by parameter estimation. Finally, the fault location of 
the DC Microgrid cluster is defined by using support vector machines 
(SVMs). All proposed works are tested and validated by experimentations and 
simulations, and compared with each other and other existing methods. The 






1.5. Scientific contributions 
The scientific contributions of this work are as follows: 
• The behavior of different types of loads, such as DC motor, 
resistive load, and CPLs are tested during faults in a DC Microgrid. 
• By analyzing the performance of CPLs during a fault in simulation 
and experimentation, a fault location method for CPLs is proposed. 
• The accuracy of the CPL protection method is compared with other 
load protection methods. 
• The performance of DC Microgrids during fault is investigated. 
• A fault location and detection scheme rely on local measurement 
units are proposed for DC Microgrids to protect the system against 
both LIFs and HIFs, and validated by simulation and 
experimentation. 
• The impact of HIFs on DC Microgrid clusters is analyzed, and a 
local protection system is proposed for these systems. 
• An experimental setup has been built and used to show the 
feasibility of using proposed protection systems of DC Microgrid 





Protection of DC Microgrids 
Based on JP1, this chapter presents the detailed background and literature review of 
DC Microgrid protection. 
 
 
   
2.1. Challenges of Protection of DC Microgrids 
DC Microgrids faced with several challenges during faults, due to the 
different characteristics of DC and AC systems, the low peak time, and the 
high magnitude of fault current. Therefore, the first step of designing a suitable 
protection system for DC Microgrids is investigating the challenges and 
differences in DC systems.   
2.1.1. The Direction of Fault Current 
Typically, the topology of the traditional power systems are radial, and the 
fault current is unidirectional, therefore, they can be protected by traditional 
current-based relays [17]. Conversely, in DC Microgrids, the RESs are 
connected to different locations, and the system has a ring topology, therefore, 
the fault current is made different bidirectional currents. Consequently, the 
traditional protection systems cannot be directly implemented in DC 
Microgrids [18]. On the other hand, the topology of DC Microgrids may 
regularly change, thus, the direction of fault current can change. Therefore, 
the traditional relays, for example, directional overcurrent relays with fixed 




2.1.2. Non-suitability of AC Protection Devices in DC Systems 
In the AC systems, the circuit breakers (C.Bs) interrupt the fault current at 
the zero-crossing points at every half period. However, due to the lack of zero-
crossing point in DC systems, the conventional AC C.Bs cannot be 
implemented directly in DC Microgrids [19]. Moreover, high fault clearing 
time and arcing phenomena are the disadvantages of DC C.Bs. Therefore, to 
improve it, solid-state C.Bs (SSCBs) are widely used in the DC Microgrids, 
and the economic feasibility of these devices should be considered in the 
designing of protection systems.   
Furthermore, since, the DC fault current has lower peak time and higher 
magnitude, DC Microgrids require a fault detection method with lower speed 
compared to AC systems to prevent damages to converters [20].  
2.1.3. Low Fault Current Capacity of Inverters 
The fault current tolerant capacity of inverters in DC Microgrids normally 
is less than half of the designing fault current magnitude [21]. Therefore, it is 
essential to detect faults within the peak time to isolate the faulty line before 
the peak magnitude. Moreover, during the fault, the operation mode of DC 
Microgrids can change to islanded mode to reduce the fault current level, 
however, it requires complex and dynamic coordination between protection 
devices such as fuses, and relays.  
2.1.4. Communication Challenges  
The majority of protection systems require communication infrastructures 
between protection devices and relays to send and analyze measured values of 
both ends of lines for detecting and locating faults. Therefore, they require a 
reliable communication link for instantaneous data transfer between relays for 
fault detection and location. The chances of data loss or communication failure 
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require a separate backup protection system. Thus, this increases the cost and 
size of the protection system and limits the application of DC Microgrids. 
Moreover, utilizing a communication link in protection systems causes noise 
and delay, which increases the response time and error of the protection 
system [22].  
2.1.5. Lack of Guidelines and Standards 
One of the main challenges during implementing DC Microgrids is the lack 
of standards and guidelines for the protection and safety of these systems. The 
standardizing of DC Microgrids should be developed based on the 
applications of these systems to help to create protection standards of different 
components based on the system configuration. The other parameters such as 
grounding schemes, protection of both grid-connected and islanded DC 
Microgrids are also required standardization. The general standards of fault 
detection and location are important, due to the affecting fault clearing time 
on the performance of DC Microgrids [23].  
2.2.Protection Methods in DC Microgrids 
Due to the nature of DC systems, such as large DC capacitors, the low 
impedance of DC cables, high transient current, and low peak time, the AC 
protection systems cannot be directly utilized in DC Microgrids [24]. 
Therefore, in this section, the application of different protection methods on 
DC Microgrids is investigated.  
2.2.1. Overcurrent Protection 
In this method, the same as the AC overcurrent protection method, a 
threshold is required to be considered to detect the fault. Moreover, the 
coordination between overcurrent relays in AC systems is determined based 
on standards, however, in DC systems, these standards cannot be used to 
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coordinate overcurrent relays. In [25], an overcurrent protection is utilized in 
a DC Microgrid, however, due to the more complexity of DC microgrids 
compared to AC systems, this method may result in longer fault clearance time 
and the disconnection of the larger zone of the system during the fault. 
Furthermore, in compact DC Microgrids, the time margin between 
downstream and upstream protection operation is small, then, the upstream 
relay may act faster than the downstream relay. Thus, the solution to this 
problem is using a communication link between relays, which also causes 
higher costs, and delays [26]. A framework based on the integration of unit-
based protection is proposed in [27], which has high selectivity, speed, and 
sensitivity. Another drawback of overcurrent protection systems is the low 
sensitivity during HIFs.  
2.2.2. Impedance-based Methods 
A distance protection method for DC systems is suggested in [28], and a 
simple algorithm by using two measurement units at both ends of lines is 
presented. Moreover, in this study, the fault is located by measuring the 
reference voltage and estimating the fault location by the impedance of line. 
However, this method has a high sensitivity to the fault resistance, and HIFs 
reduce the accuracy of this method. These methods can be effective in fault 
detection schemes, however, in fault location methods, the accuracy of 
impedance-based methods is low.  
2.2.3. Communication-based Methods 
A common and well-known protection method is differential protection, 
which detects the fault by comparing the current magnitude and directions at 
two ends of the under protection unit [29]. In [30], a differential protection 
system is presented for DC networks with high accuracy and speed. First, both 
relays measure the current values and calculate the difference between them, 
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and if it becomes greater than a threshold, the trip signal will be sent to SSCBs. 
The fault resistance, RESs, fault magnitude have a low impact on the 
differential methods, however, due to the high dependence on the 
communication links, these methods are expensive and vulnerable to noise 
and delay [31]. 
2.2.4.  Wavelet-based and Intelligent Methods 
In [32], a wavelet-based protection system is presented for DC systems. 
Wavelet is an efficient method for extracting the features of transient signals. 
Also, the wavelet methods can be linked with intelligent methods to provide 
more options for protection systems, such as HIF detection, faster fault 
detection, and locating faults. However, the wavelet-based methods cannot 
directly implement in DC systems. For example, in [33], fault current 
measurements are sampled and wavelet transform calculates and captures the 
characteristic changes in the current signals caused by network faults.    
2.2.5. Current Derivative Protection 
After disturbances, the current derivative increase from approximately zero 
to a high value. Thus, it can be considered as a solution to detect the fault 
within milliseconds. However, it depends on the fault impedance, line loading, 
and cable length, then, determining a proper threshold to determining fault is 
an obstacle. Moreover, it is very difficult to distinguish between overload and 
faults in this method. Therefore, in [34], the first and second derivative orders 
of current are considered to detect faults. Moreover, to measure the current 
derivative accurately, a high sampling rate sensor is essential, and it may result 





Table 1.      Table from paper JP1, comparing of protection methods according to their advantages 
and disadvantages 
Protection method Advantages  Disadvantages 
Distance-
Protection 
• Simple method 
 
• sensitive to resistance of fault 
• typically requires backup unit 




• Low dependency to 
impedance of fault 
• Independent to the direction 
of current  
• Independent to the raising 
rate current of DC systems 
and fault resistance 
• require a high bandwidth 
communication link  
• Low accuracy with noisy 
measurements 




• Simple method 
• Applicable in fault clearing 
approaches  
• only applicable in the LV and MV 
systems 
• Should be implemented with other 
methods or use communication 
links to improve selectivity 
• need an accurate and fast scheme 
for diagnosing the current direction 
• Cannot detect HIFs 
Wavelet  • Effective in fault detection 
methods 
• Can be applied as a hybrid 
method with other 
protection schemes 
• Requires GPS 
• Requires data acquisition units with 






• Difficult to find a threshold 
• Vulnerable to noise 
ANN • Can be linked to other 
methods 
• Accurate and robust 
• the trained network is only specific 
to the studied system  
Communication-
Based 
• Accurate  
• Can apply to coordination 
relays 
• Do not require any complex 
algorithm 
• Delay due to the communication 
line 
• Lack of the standard protocols for 
the DC Microgrids 
• Need backup protection for the 
communication failures 








Local Fault Detection Scheme for DC 
Microgrids and Clusters 
Based on JP5 and JP7, this chapter proposes local fault detection scheme for DC 
Microgrids and Clusters 
 
 
   
3.1.  Fault Characteristics in DC Systems 
3.1.1. LIF Characteristics 
As mentioned before, fault in DC Microgrids are categorized as LIFs and 
HIFs. LIFs are generally considered as the most serious and hazardous 
condition for power electronic converters. The equivalent circuit of DC/DC 
and AC/DC converters are presented in Fig. 2. During the fault, DC link 
capacitors start to discharge through the fault path, as a DC source. Therefore, 
the discharge current of these capacitors is exponentially decaying as (1). In 
addition, the current and voltage of the capacitors arecalculated by 
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where Ldc and Rdc are the inductance and resistance from converter location to 
the faulty point, respectively. t0 is fault time, I0, and V0 are normal current and 
voltage, respectively, and C is the capacitor of the converter. After the 
discharging of capacitors and reaching the voltage to zero, the fault current 
starts to flow through the diodes. Thus, the fault current at this stage can be 













where I0 is the initial value of fault current at the freewheeling diode stage. 
Since the magnitude and di/dt of LIFs are high, the diode could be damaged, 
therefore, the fault should be detected before reaching the voltage to zero. 
Consequently, it can be concluded that LIFs require fast fault detection 
methods. It could be noted that, due to the higher filter size of AC/DC 
converters, compared to DC/DC converters, the fault contribution of AC/DC 
converters is higher than DC/DC converters. Thus, under the condition of 
2 /dc dcR L C , the fault should be cleared quickly, and then a parameter is 
defined in this work to determine the maximum clearing time (MCT) of a fault 
detection method. The value of MCT is calculated by  
1 0 O dMCT t t t t= − − −  (6) 
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where, td and to are the delay of measurements and operation time of SSCB, 
respectively. Therefore, to guarantee the safety of power electronic converters, 
the fault detection system should detect faults less than an MCT.  
Fig.3 presents the different stages of fault in a DC system. The LIF has 
occurred at t = 1 s, and the first milliseconds are the capacitive discharge stage. 
After t1, the freewheeling diode and decreasing current stage start.  
 
Fig. 2. Equivalent of (a) AC/DC (b) DC/DC converter during fault (Figure from JP5) 
 





3.1.2.  HIF Characteristics  
Since a conductor of DC cables connects to the ground or another cable by 
a high resistance surface, a HIF will happen. In HIFs, the fault current has a 
low magnitude, and then, the detection of this small change in current is one 
of the main problems of protection systems. If the protection system doesn’t 
detect and isolate the HIF, it causes a repetitive reignition current [35]. 
Therefore, the first step of considering and designing a HIF protection 
function is modeling and realizing this concept. The characteristic of HIFs is 
divided into three parts, buildup, shoulder, and nonlinearity. At the buildup 
stage, the fault current increase to its maximum amplitude, then, the shoulder 
stage will start. The nonlinearity part defines the nonlinear characteristic of 
HIFs. In designing of HIF protection function, the accurate model of HIFs in 
DC Microgrids has been considered rarely. The performance of HIFs can be 
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where k is the arc constant, i is the fault current, VDC is the voltage rating, and 
R is equivalent resistance. The modeled HIF current is depicted in Fig. 4, 
which shows a repetitive current with a small magnitude. In the current work, 




Fig. 4.  Fault current of a HIF model (Figure from JP5). 
 
3.2.  DC Microgrid and cluster structure 
The general structures of DC Microgrids and DC Microgrid clusters are 
presented briefly in this section. The general structure of a DC Microgrid can 
be represented as shown in Fig. 5. As shown in Fig. 5, the fault current is made 
by the sum of currents of all RESs and grid. Despite the unidirectional fault 
current in radial systems, the fault current is fed by bidirectional currents. 
Thus, it causes complexity in the protection of mesh DC Microgrids.  
The installation location of protection relays depends on the type of 
protection system in terms of using or lack of communication link. Therefore, 
due to the localized structure of fault detection and location in this work, the 




Fig. 5. The structure of a DC Microgrid 
On the other hand, the structure of DC Microgrid clusters is shown in Fig. 
6. In these systems, several DC Microgrids are connected together to provide 
more power support capability. However, the high penetration of RESs and 
the transmission line between DC Microgrids increase the difficulty of the 
protection of these systems. In local protection systems, the relays are 
implemented on both sides of each line without any communication links. In 
clusters, due to the power-sharing between DC Microgrids, there is no 
guarantee on the direction of current during normal  conditions; therefore, the 
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Fig. 6. The structure of a DC Microgrid cluster (Figure from JP7). 
3.3. Proposed Mathematical Morphology-based Fault Fetection 
Method 
3.3.1. Basic of Mathematical Morphology 
Mathematical Morphology (MM) is introduced in [37] as a time-domain 
signal processing tool. Despite the other signal processing tools, such as 
Fourier transform and wavelet, the MM is a non-periodic tool. Moreover, MM 
is a straightforward and fast operator without using any multiplication and 
division operations. In DC systems, the frequency-domain signal processing 
tools have lower suitability than time-domain tools, due to the non-periodic 
characteristic of fault current.  
MM is based on two transformations, dilation, and erosion. The dilation 





























































































𝑦𝐷(𝑛) = (𝑓 ⊕ 𝑔)(𝑛) = min⁡(𝑓(𝑛 − 𝑚) + 𝑔(𝑚))    
0 ≤ (𝑛 −𝑚) ≤ 𝑁,𝑚 ≥ 0 
(9) 
𝑦𝐸(𝑛) = (𝑓 ⊖ 𝑔)(𝑛) = min(𝑓(𝑛 +𝑚) − 𝑔(𝑚))  
0 ≤ (𝑛 +𝑚) ≤ 𝑁,𝑚 ≥ 0      
(10) 
where g(m) is the structural element (SE), f(n) is the original signal, and N is 
the total number of samples. SE is the base of MM, and it is a probe for feature 
extraction of the original signal [38]. The shape, height, and length of the SE 
impact on the MM results. Thus, the selection of SE should be chosen based 
on the application of MM. Based on the dilation and erosion, the foundation 
of the MM filter is calculated by (10). The closing and opening performance 
of the MM filter refers to the narrowing valleys and sharping edge, 
respectively. The closing and opening filters are obtained by 
𝑦𝐶(𝑛) = (𝑓 ⋅ 𝑔)(𝑛) = ((𝑓⨁𝑔)⊖ 𝑔)(𝑛)                        (11) 
𝑦𝑂(𝑛) = (𝑓 ∘ 𝑔)(𝑛) = ((𝑓 ⊖ 𝑔)⊕ 𝑔)(𝑛)                     (12) 
where yC and yO are the outputs of the closing and opening filters, respectively.  
3.3.2. MM Regional Maxima 
The MM regional maxima sends the signals to the fault detection device 
for comparing them with a threshold. The value of the threshold is defined as 
the border between faults, HIF, and overload conditions. Thus, the values of 
the threshold are selected based on a 20% overload. During the first stage of 
fault, the fault current reaches its peak. Therefore, the value of MM regional 
maxima starts to increase faster the original signal. The MM regional maxima 
have all samples higher than any current amplitude in its finite numbers of 
neighborhoods. They obtained from the residue of the h-maxima of height 1. 
The h-maxima transform tool represses any domes with a high equal or smaller 
than the threshold value and reduces the height of the other domes by a 
threshold value. It is determined the reconstruction by dilation of f subtracted 
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by the height of the threshold value. Therefore, it detects the fault within peak 
time, which guarantees the safety of power electronic converters. 
 3.3.3. DC Fault Current Detection 
The MM-based filter extracts the transient features of the fault current and 
removes the noise from the main measured signal. The output of the filter will 
be the input of the MM regional maxima. As shown in Fig. 7, the fault 
detection detects faults immediately within the peak time. Consequently, the 
proposed method ensures the safety of power electronic converters. Also, by 
using SSCBs, the operation time of the isolation will be low, and due to the 
lack of communication channels, the delay in this method is avoided.  
As shown in Fig. 7, the MM regional maxima increases to a high value 
faster than the original fault current signal, and it sends directly to the SSCBs 
for isolation of the faulty section. By using the erosion filer, this scheme is 
invulnerable to the noise. Fig. 8 represents the diagram of the proposed 
method for fault detection on DC Microgrids and DC Microgrid clusters. This 
method only needs the current signal of one end of a line segment, then, the 
requiring of the communication infrastructure is eliminated between 
measurement devices of both ends of the line.  
Another important and essential function of fault detection schemes is 
selectivity, which refers to that the SSCBs only trip during fault at their 
protection zone. Therefore, in this work, an additional parameter is added to 
the operation time of each fault detection system. The fault current magnitude 
will decrease by increasing the distance from the faulty point. Thus, the closer 
sensors to fault measure a higher magnitude, and the closer protection system 
should operate faster than other devices. Therefore, the operation time of each 








= +   (13) 
where ξ and ψ are MM signal magnitude and the constant value, respectively, 
ID is the fault current at detection moment, tD is the primary detection time. In 
this work, ψ is assumed 10000. The range of ξψ/ID is around several 
microseconds. Then, it cannot cause a significant delay in SSCB operation 
times, but, it provides a suitable selectivity for the proposed protection 
scheme.  
 
Fig. 7. MM regional maxima of fault current in DC Microgrid cluster (Figure from JP5). 
 
Fig. 8. Diagram of the proposed fault detection scheme (Figure from JP5). 
 
3.3.4. HIF Fault Detection 
As mentioned before, the important and challenging types of faults to 
detect is HIFs. As shown in Fig. 4, the HIF current is spiky and repetitive. Fig. 









fault current has a small change during HIFs and based on Fig. 8, the fault is 
detected immediately. Thus, this method does not need any function for 
distinguishing LIFs and HIFs. 
 
 
Fig. 9.  Fault current and the fault detection signal during HIF (Figure from JP5). 
 
3.3.5. Experimental Results of MM-based Fault Detection Method  
Different experimental tests are applied to the scaled setup consists of 
dSPACE, equivalent line segment, converters, and power supplies, as 
represented in Fig. 10. In this work, HIFs and LIFs are occurred in different 
locations with different fault resistances and measured by a current sensor at 




Fig. 10.  The experimental test setup (a) power supplies, dSPACE, sensors, converter, SSCB, (b) dSPACE 
interface, (c) loads, line, fault resistance (Figure from JP5). 
A LIF by fault resistance of 3.2 Ω has occurred at 30% of the line, and the 
current is shown in Fig. 11. The MM-based fault detection function is 
designed in the dSPACE, and, within 2.18 ms, the fault is detected, as shown 




Fig. 11.  The fault current waveform of a LIF (Figure from JP5). 
 
Fig. 12. The fault detection signal during LIF (Figure from JP5). 
Based on Fig. 12, and 13 LIF is detected within peak time and ensures the 
safety of the power electronic converters. On the other hand, the effectivity of 
the proposed scheme in the case of HIFs is investigated as shown in Fig. 14, 
which a HIF with fault resistance of 50 Ω applied to the system. Then the 
tripping signal is sent to SSCBs within 3.8 ms. The fault detection results of 
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this work during both HIFs and LIFs proves an extremely low operation time 
to avoid any damages to converters.  
 
Fig. 13.  The fault current waveform of LIF after (Figure from JP5). 
 





3.4. Empirical Mode Decomposition (EMD) based Fault Detection Method 
3.4.1.  EMD 
As shown in Fig. 15, a transient signal is made by its oscillation modes, 
and inherent features are retrieved from non-sinusoidal signals by calculating 
the higher and lower envelopes of it.  
 
Fig. 15. Depicting the configuration of a lower and upper envelope of a signal (Figure from JP7). 
Then, the average of both lower and higher envelopes are used to determine 
a mean oscillation signal. This signal is the first oscillation component, 
intrinsic mode function (IMF), estimation. The second component is obtained 
by subtraction the first component and the original signal. These explanations 
present the EMD principles [39]. Consequently, by using EMD, any non-
sinusoidal transient signal can be divided into several fluctuating components. 
Another principle of EMD is that the integral of IMF should be zero and the 
numbers of extremums and zero-crossing points should be equal. The steps of 
EMD for fault detection are presented as follows 
1. Determine the local minimums and extremums, and find the higher 
and bottom envelopes. 
2. Obtain the envelope mean value (m1). Calculate the h1 by the difference 
between the m1  and original signal as 
1 1( )x t m h− =  (14) 
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3. Repeat steps 1 to 3 with h1 to calculate h11, where is an inherent mode 
function as 
1 11 11h m h− =  (15) 
                        
4. If h11 satisfies the conditions of IMF, then the first IMF is determined, 
else the steps should be repeated, and after n times the h1n will be 
1( 1) 1 1n n nh m h− − =  (16) 
5. The first IMF is h1n, then 
1 1( ) nr x t h= −  (17) 
6. Where, the original signal is r1, and steps 1 to 5 should be repeated to 
calculate the second IMF.  
7. Repeat steps 1 to 6  to determine all the IMFs of the original signal.  
In this proposed scheme, the EMD is utilized for fault detection in DC 
Microgrid clusters. For providing an online EMD, the input signal is a time-
dependent function, and the statics are defined as  
1 2( ), ( ),..., ( )ms t s t s t  (18) 
where s(t1) to s(tm) is the primary to mth sectioned points. For storing data, 
different windows are considered, and each window has a length of l as 
1 2
1 2 2
section1: ( ), ( ),..., ( )
section2: ( ), ( ),..., ( )
l
l l l
s t s t s t
s t s t s t+ +
 (19) 
3.4.2. Hilbert-Huang transform (HHT) 
In the proposed fault detection method, after calculating IMFs, the HHT is 
applied to determine the instantaneous frequency and magnitude. The HHT 
















where P is the value of the singular integral principal, and typically is 1. This 
is used to obtain an analytical signal, z(t) as 
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Thus, the instantaneous frequency signal is determined by 
( )
1
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where hht(t) is the Hilbert amplitude, and Re is the real part. Eq. (24) presents 
the signal based on the instantaneous magnitude and frequency. Also, it 
presents that the original signal can be defined by sum of the IMFs and the 
HHT magnitudes. Moreover, the HHT has significant results on mono-
component signals, but, the signals of majority practical applications are noisy 
multi-components. Thus, the HHT will provide spurious magnitude at 
negative frequency. To solve it, in EMD-HHT methods, due to the analysis of 
a series of IMFs, signals do not have any noises. 
The proposed fault detection method uses a hybrid EMD-HHT method on 
DC Microgrid clusters. The EMD helps to avoid noise and extracting fault 
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current features, and HHT detects the LIFs and HIFs by IMFs and it will 
minimize the impact of fault resistance. In the first step, the sensor measures 
the fault current at SSCB places. Then, the fault current is analyzed by the 
proposed method to detect the fault. In normal conditions, the output of the 
relay is zero, but, during the fault, the first IMF is observed and the HHT 
determines the magnitude and frequencies. Due to the frequency-based nature 
of the proposed scheme, this approach immune to changing the fault 
resistance. Thus, the HIF with a high value of fault resistance and low fault 
current magnitude will be detectable. The steps of the proposed method are as 
follows  
Step 1: Sensors measuring the current. 
Step 2: Determining the first IMF by EMD, and investigating it by HHT 
of fault detection relay. 
Step 3: During the conditions with output value lower than a threshold, ϵ, 
the operation mode of systems categorized as normal mode, else, the fault 
mode.  
Step 4: Send the trip signal to the SSCBs. 
The value of the threshold is calculated based on the worse case of 
overload, which is normally selected for 120% overload. 
3.4.3. Simulation Results of EMD-based Fault Detection Method 
In the simulation environment, a LIF at the interconnection link at t = 0.3 
s with fault resistance of 0.01 Ω has occurred. The HHT, IMF, and fault 
current signals are shown in Fig. 16. The peak time of the fault current is 20 
ms, and the detection time is 0.6 ms. On the other hand, a HIF has occurred at 
t = 0.3 s with fault resistance of 20 Ω, and signals are shown in Fig. 17, and 
33 
 
the fault is detected within 2.2 ms. The high speed of fault detection proves 
the effectivity of the proposed method, and it guarantees the safety of power 
electronic converters.  
 
Fig. 16. Fault current and detection signals for a fault at interconnected link 1 with fault resistance of 0.01 
Ω at t = 0.3 s (Figure from JP7). 
 
Fig. 17. Fault current and detection signals for a fault at interconnected link 3 with fault resistance of 20 Ω 
at t = 0.3 s (Figure from JP7). 
The performance of the proposed scheme in noisy conditions with bad 
calibration under overload is shown in Fig. 18. In this scenario, noise causes 
2%, and bad calibration is modeled by 1% variation in fault current values. 
Moreover, a 10% overload is immediately connected. The fault detection 
signal proves the significant operation of the proposed scheme under different 
disturbances and the fault detection relay has not been sent the trip signal to 
the DC C.Bs. 
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In addition, Table 2 and Table 3 show the performance of the proposed 
method under different scenarios such as the investigation of the bad 
calibration and noise. The comparing between Tables 2 and 3 shows a slight 
impact of noise only on the detection time of HIFs. Although bad calibration 
has a higher influence on both HIFs and LIFs, the fault detection time of the 
proposed scheme remains in an appropriate range.  














0.01 Ω 0.6 ms 
Line 3 0.8 Ω 0.8 ms 
Line 1 0.4 Ω 0.7 ms Line 3 1.7 Ω 0.9 ms 
Line 1 3.7 Ω 1.1 ms Line 3 7.5 Ω 1.3 ms 
Line 1 10 Ω 1.7 ms Line 3 20 Ω 2.2 ms 
Line 2 0.05 Ω 0.6 ms DCMG1 0.2 Ω 0.6 ms 
Line 2 0.5 Ω  0.7 ms DCMG1 2 Ω 1.0 ms 
Line 2 5 Ω 1.2 ms DCMG2 2.5 Ω 1.1 ms 













Fig. 18. Current and detection signals under overload, noise and bad calibration (Figure from JP5). 
 
Table 3.  Table from JP7, fault detection time for noise, bad calibration 













Line 1 0.01 Ω 0.6 ms Line 1 0.01 Ω 0.7 ms 
Line 1 0.4 Ω 0.7 ms Line 1 0.4 Ω 0.9 ms 
Line 2 0.05 Ω 0.6 ms Line 2 0.05 Ω 0.6 ms 
Line 2 5 Ω 0.8 ms Line 2 5 Ω 1.6 ms 
Line 3 7.5 Ω 1.3 ms Line 3 7.5 Ω 1.9 ms 
Line 3 20 Ω 2.3 ms Line 3 20 Ω 2.8 ms 
3.5. Fuse Saving Method  
In DC Microgrids, the fault current causes a bidirectional flow with 
different fault current levels, and therefore, it may result in miscoordination 
of DC fuses and reclosers. In this section, a fuse saving technique by finding 
the appropriate settings of DC fuses and the recloser switch is proposed. The 
proposed protection scheme is localized, and it is applicable for digital and 
conventional protection devices.  
Despite the unidirectional current flow in radial systems, the fault current 
is made by different current flows to provide a bidirectional current. Thus, the 
36 
 
fault current from the grid side affects all lines of the system, and using a 
recloser switch at the connection point of the grid and DC Microgrids can 
control the fault current during the temporary faults to save fuses. Moreover, 
all RESs of the system contribute to the fault current from both sides of the 
faulty point, thus, it increases the complexity of the coordination of recloser 
switch and DC fuses.  
In selecting DC fuses, finding the operation time of these devices is the 
challenging part. The fault current rise is based on L/R, the time constant, thus, 
the inductance of system and arc have significant differences. In AC systems, 
the melting time is from 4 ms to a few cycles, however, in DC Microgrids, 
since the fault current needs more time to reach the steady-state condition, the 
DC fuses take more time to melt. For instance, in a DC system with L/R lower 
than 10 ms, the DC fuse has the same operation curve with AC fuses, however 
at the higher current portion, it has a small difference. For L/R higher than 10 
ms, the isolation time of the fault by fuses is slow, since the slow increase in 
the fault current. The impact of L/R on the operation of DC and AC fuses is 
shown in Fig. 19.  
 
Fig. 19. The L/R impact of fuses (Figure from JP3). 
Based on Fig. 19, only DC fuses for situations with the low value of L/R 
can use the characteristic curve of AC fuses. However, based on the 
differenced of AC and DC fuses, the characteristic curve of DC fuses should 
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be defined in terms of L/R. During fault in DC Microgrids, the DC line is 
equivalented by the inductance-resistance circuit. Thus, the fault current is 
defined by: 
(1 )ni fI I e
−= −  (25) 
where Ii is the instantaneous current, n is the number of the time constants, 
and If is fault current, and it is determined by the initial value of voltage, V, 
and resistance, then If is V/R. On the other hand, the DC fuses heating effect 
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=   (26) 
where T is the period over which integrated. By substituting of (25) into (26), 










= + − −  (27) 
Moreover, the value of n is tR/L. And, the characteristic curve of AC fuses 
obtained by: 
log( ) log( )fuse ft a I b= +  (28) 
where a and b are the settings of fuse, and tfuse is the operation time of fuse. 
Based on (27), the characteristic curve of DC fuses is calculated by 
2
0.5
















            Therefore, (29) is the characteristic curve of the DC fuses. It represents 
that the high values of time constants have more differences in values of AC 
and DC fuse currents, especially in lower times.  
Different types of protection devices such as relays, SSCBs, fuses, and 
recloser switches are implemented in the DC Microgrids. The primary 
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objective of a protection system is clearing both temporary and permanent 
faults within the lowest possible time and de-energizing the minimum zones 
of the system. Typically, the majority of faults are temporary and made by 
transient contacting of lines together or to ground. The temporary faults are 
cleared after several milliseconds to seconds. Moreover, the fast operation of 
the recloser switch should be ensured to avoid the unnecessary melting of DC 
fuses, and therefore, it saves the fuses and other maintenance costs.  
Furthermore, the recloser switches and fuses have the characteristic curve 
of Fig. 20. Moreover, by increasing the maximum of fault current by installing 
RESs, from IF,max to I1, the coordination between recloser switch and DC fuses 
will be eliminated. Also, due to the slow operation of the traditional reclosers, 
they cannot be used in the DC Microgrids to save fuses. Thus, downstream 
fuses should be coordinated by the operation of a recloser switch. Therefore, 
the operation curve of the recloser switch for permanent and temporary faults 
should be located in the upper and lower area of the fuse curve, respectively.  
It should be noted that DC fuse clearing and melting I2t values should be 
compared for assessing the selectivity of fuses. The I2t value of downstream 
DC fuses should be less than the melting I2t value of upstream DC fuses. 
 
Fig. 20.  The characteristic curve of fuse (Figure from JP3). 
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3.5.1. Proposed Protection Strategy and Coordination for Recloser Switch 
and Fuse 
During fault in DC Microgrids, the IGBTs of converters are blocked and 
leaves the diodes exposed to the fault current. However, the fault current 
tolerant of diodes is high, and the thermal limit of diodes determines by I2t, 
should be considered during the selection of fuses. Then, the converter 
capacitors discharge through the line faulty path.  
During the capacitor discharge stage, as represented in (2), the fault current 
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where tmax is the time of peak time. Also, the value of fault current cannot 
exceed the I2t of components. Thus, a current factor for the setting of recloser 
switches is determined by 
,maxSetting FI I= −  (31) 
 
Fig. 21.  The fault current behavior of the DC circuit (Figure from JP3). 
where σ is the short term thermal tolerant, and ISetting is the setting of recloser 
switch. Thus, (31) and (32) are setting the recloser switch. Consequently, the 
Normal current
Threshold






recloser switch uses the tmax and ISetting for setting parameters, and the I-t curve 
as an inverse time-current curve, as shown in Fig. 22. The fast and slow 
operation curves isolate during temporary and permanent faults, respectively, 
and they are located below and upper the fuse characteristic curve, 
respectively. The proposed I-t curve is shown in Fig. 22. In addition, the 
general equation of the recloser switch is indicated in 
max
settings settingsBI DIt Ae Ce
− −
= +  (32) 
 
Fig. 22.  Inverse time-current characteristic curve of the proposed recloser switch (Figure from JP3). 
where A, B, C, and D are the settings of the recloser. In addition, since the fuse 
and recloser switch curves have exponential nature, these curves can be 
presented in logarithmic figures. After detecting a temporary fault, the recloser 
switch isolates the power line, then by specific delay, after clearing the fault, 
the system will back to the normal conditions; however, during the permanent 
faults, if the fault remains in the system, recloser switch trips again. The 
flowchart of the proposed technique is presented in Fig. 23. Thus, the proposed 
method clears both permanent and temporary faults by the lowest operation 




Fig. 23.  The flowchart of the proposed method (Figure from JP3). 
3.5.2. Results of the Proposed Fuse Saving Method 
The effectiveness of the proposed technique is validated by simulations on 
a DC Microgrid, as shown in Fig. 24. A DC Microgrid is suggested for 





























implementation in Rømø island in Denmark consists of PV, fuel cell (FC), 
battery, WT, and loads, as the grid-connected mode by an AC/DC converter. 
The protection system of the suggested island DC Microgrid is consisting of 
DC fuses, and recloser switch.  
 
Fig. 24.  The Rømø island DC Microgrid case study (Figure from JP3). 
First, the peak value and time of fault for different locations and fault 
resistances are defined for determining the fast operation curve of the recloser 
switch. To obtain the settings of the recloser switch, faults are simulated at all 
locations with different fault resistances. The data of the fault current peak for 
different situations generates the operation curve of the recloser switch. 
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In the second step, the performance of the recloser switch is calculated, 
and, the values of the recloser setting are depicted as Fig. 25, and the 
parameters of estimation are shown. This curve presents that increasing the 
fault current decreases the operation time of the recloser switch. 
Consequently, the characteristic curve of recloser is determined by 
0.09689 0.0003729
max 84.96 0.09308
settings settingsI It e e
− −
= +  (33) 
The I-t curve of the recloser switch is depicted in Fig. 26. Then, the fuse 
operation curves are calculated by curve fitting, and the curve fitting is 
performed by using an optimization algorithm to find the best values of 
settings. Thus, the DC fuse curve of load fuses are defined by 
2
0.5
















Moreover, the value of L/R of loads in this work is assumed to be 2 ms. 
The fuse operation curves of fuses 1 to 8 are depicted in Fig. 26. In Fig. 26 (a), 
the time-current curve of DC fuses number 4 to 7, as load fuses are depicted, 
therefore, due to the same behavior of these loads, they have similar 
characteristic curves, and they are located between the fast and slow operation 
curves. On the other hand, other resources DC fuses have a different time-
current curve, as shown in Fig. 26 (b). In these curves, DC fuse 1 has the 
highest operation curve, and DC fuse 2 has the lowest one. The reason for this 
has a different fault current magnitudes. The difference between the settings 
of fuses is due to the difference between the maximum value of the fault 
current of the protected branch by the corresponding fuse. For the case of 
increasing the value of fault current, due to the approximately fixed margin 
between fuse and recloser switch curves, it cannot jeopardize the operation of 









Fig. 26.  The operation curve of (a) load fuses (b) resource fuses (Figure from JP3). 
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3.6. Comparison of Proposed Fault Detection Methods 
The proposed methods are compared with [40]-[44] in terms of requiring 
communication facilities, the ability to detect HIFs, and fault detection time 
in Table 4. In [40], the differential fault detection method is used to detect 
faults in DC systems, however, it requires communication links, and a limited 
value of fault resistance is considered. [41] is a local fault detection method, 
however, the HIFs are not considered on it. In [42], HIF detection has not been 
considered and, this method does not need communication links. In [43], An 
intelligent three tie switch is suggested to detects HIF. But, the fault detection 
time is too high and it requires a communication link. [44] presents a wavelet-
based HIF detection method without requiring any communication channels; 
however, it only applies only to radial DC systems.  
The proposed MM and EMD based fault detection methods have 4 ms and 
2 ms fault detection time, respectively, which both of them are in an acceptable 
range. Moreover, both of these methods can detect HIFs locally. Therefore, 
only in terms of fault detection, the EMD-based fault detection method has 
better performance than an MM-based fault detection scheme. 












[26] Yes High 110 ms No 2 Ω 5 kHz 
[27] No Moderate 20 ms No 0 Ω 20 kHz 
[28] No Low 4 ms No 8 Ω 10 kHz 
[29] Yes High 300 ms Yes 20 Ω -- 












Local Fault Location Scheme for DC 
Microgrids and Clusters 
Based on JP2, JP4, and JP6, this chapter proposes local fault location schemes for 
DC Microgrids and Clusters 
 
 
   
4.1.  Fault Location Method of CPLs in DC Microgrids 
In this section, the proposed fault location method for CPLs in a DC 
Microgrid is presented. The proposed method calculates the fault location and 
resistance only by one relay, and it obtains the fault resistance values by 
power-sharing and transient values of current and voltage at relay place 
without using any communication links.  
4.1.1. The Behavior of CPLs During Fault 
In DC Microgrids, the majority of loads are controlled and have a 
CPL performance. Due to the constant power, the connection between 
voltage and current is 
* constantP V I= =  (35) 
During a fault, (25) describe that the voltage drop causes a higher current 
increasing in CPLs compared with other loads. Therefore, as shown in Fig. 
27, CPLs have behavior as a negative impedance, which is known as INR. 














Fig. 27. V-I curve of CPLs (Figure from JP2). 
The value of R is assigned by a negative sign, and it behaves as positive 
feedback. Thus, the current in a CPL increases when the voltage of the CPL 
terminal decreases. This has an impact on the impedance-based fault location 
methods, such as distance relays, since, relays measure a lower impedance, 
then the estimated distance will be higher than a real location. For instance, as 
shown in Fig. 28, if a relay is installed at bus A. and the fault has occurred 
between C and D, the resistance seen by the relay will be 
Seen AB BC CF faultR R R R R= + + +  (37) 
BC CFAB F
Seen
AB BC CF F
V VV V
R
I I I I
= + + +  
(38) 
AB CPL BCI I I= +  (39) 
According to the aforementioned equations, during the fault and voltage 
drop, the CPL current will increase, and it increases the observed impedance 
of distance relay. Therefore, a special protection system is essential for DC 
Microgrids with high penetration of CPLs. 
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The negative impedance behavior of CPLs and its model is shown in Fig. 
29. Thus, it leads to an increase in fault current in a short period, which 
provides problems on the operation and stability of different components in 
DC Microgrids. Therefore, the value of the current of CPLs can be calculated 
by 





= =  (40) 
where the value of PCPL is constant, and the value of VCPL dropping during the 
fault. Then the value of fault current in CPLs can be given as a time-variant 
equation 
0
















Fig.29. The model of CPL during capacitor discharge (Figure from JP2). 
 
4.1.2. CPL Fault Resistance Estimation Method 
In DC systems, after occurring the fault, the current immediately starts to 
increase, and the magnitude and peak time depend on the fault resistance. 
Moreover, for proposing an accurate fault location method, the estimation of 
fault resistance is essential. Therefore, the first step is estimating fault 
resistance. During the fault, the power flow from the relay side can be divided 
into three parts, the power consumption of fault resistance, CPLs, and power 
losses as 








The value of power losses of cables is unknown, and the CPL power 
consumptions are known. The value of Prelay is measured by sensors in relay 




relay CPLs cable fault fault cable fault
C
dIL
P P R I R R I
R dt
= + + +  (43) 
where  Ifault is measured by the sensor at the relay, however, the fault current 
at relay location is different from the actual fault current at the faulty point. 
Thus, the fault current at the faulty point is the difference between measured 
and loads current. The values of power in terms of fault current is 
2
( 1) ( 1) ( 1)
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( 2) ( 2) ( 2)
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where the value of A, B, and C are given by: 
, , 
faultC
CPLs cable fault cable
C
dIL
A P B R C R R
R dt
= = = +  (45) 
where Prelay(t1), Prelay(t2), … , Prelay(tn) is the sampled value of power, Δt=t2-t1 is 
the sampling interval, and in relay place, Ifault(t1), Ifault(t2),…, Ifault(tn) are the 
sampled fault currents at relay place. To find the cable and fault resistances, 
the least square (LS) techniques is formulated as 
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[x] is the column matrix of the A, B, and C. Thus, the value of [x], and 
Pcable determined by 
1[ ] [ ] [ ]x k m−=  (48) 








=  (49) 
The proposed is installed at the mainline, as Fig. 28, at the Bus A. The 
settings of the proposed scheme are based on the relation of the slope of fault 
current and fault resistance. In pre-fault conditions, a ΔI/Δt-R curve is designed 
based on the locations of fault, as shown in Fig. 30. Therefore, Fig. 30 
represents the performance of fault current against fault resistance. The 
reduction trends of Fig. 30 proves the opposite relation between fault 
resistance and ΔI/Δt.  
 
Fig. 30.   The slope of fault current - fault resistance curve (Figure from JP2). 
 
During a fault, the sensors measure the slope of fault current, voltage, and 
current, then, the value of fault resistance is estimated, and by using it, the 
location of the fault will be determined. Afterward, the trip signal will be sent 
to the C.B of the faulted CPL. The flowchart of the proposed scheme is 




Fig. 31. The flowchart of the proposed method (Figure from JP2). 
 
4.1.3. Experimental Results of CPL Fault Location Scheme 
The validation of the local CPL protection system has been investigated in 
an experimental setup. Fig. 32 represents the fault current seen by relay during 
a fault with fault resistance of 11.9 Ω. As can be seen in Fig. 32, the measured 
value has noise, but, this is only the sensors' noise, and the communication 
noise is removed in this method. At Fig. 33, the fault currents for three 
different fault resistances are shown. Based on this figure, by increasing the 
fault resistance from 11.5 Ω to 13.8 Ω, the fault current is reduced from 3.68 
A to 3.2 A. The slope of fault current for faults with fault resistances of 11.5 
Ω, 12.1 Ω, and 13.8 Ω are 35 A/s, 34.3 A/s, and 33.1 A/s, respectively. The 
values of errors are defined in Table 5. As expected, by increasing the fault 
resistance, the accuracy will decrease by 4%. On the other hand, in terms of 
fault location estimation, during a CPL fault with 12.32 Ω, the maximum error 
will be 3.2%. As can be seen from Table 5, although the fault resistance of a 




Estimate the value of fault resistance
Find fault location based on the fault 
resistance and the slope of fault current




Calculate the slope of the fault current
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fault in line at 200 m is higher than CPL fault at 400 m, the error of line fault 
is lower than CPL fault. The reasons for that are, firstly, the higher distance of 
CPL fault, and second the INR impact of CPLs. However, the proposed 
method accurately locates the CPL fault during both HIFs and LIFs.  
 
Fig. 32. The fault current of the main line during DC Motor fault (Figure from JP2). 
 






Table 5. Table from JP2, experimental fault location results of the proposed method 
Faulty 
component 








DC Motor 19.84 600 19.04 4.04% 
CPL 14.68 400 15.32 4.35% 
DC load 15.21 200 14.68 3.48% 
Line 12.63 200 12.47 1.26% 
Faulty 
component 








CPL 600 9.76 581 3.07% 
CPL 400 12.32 382 3.20% 
Line 200 14.87 206 3.09% 
Line 200 12.63 203 1.50% 
 
4.2. Local Fault Location Based on Parameter Estimation Technique  
The proposed fault location scheme consists of a current sensor and a 
localized intelligent electronic device (LIED), where they are installed at each 
line to determine the distance of fault at each line segment. Conventional 
existing schemes use the current and voltage data of the faulty line by using 
communication channels. In this proposed scheme, only the current of one end 
of the line segment is measured. Thus, the total size and cost of the fault 
location system will reduce, and the concerns related to noise and delay will 
be minimized. After isolation of fault by SSCBs, the equivalent circuit will be 
an RLC, as shown in Fig. 34. Thus, the proposed LIED starts to samples the 




Fig. 34. Structure of faulty line segment after isolation (Figure from JP4). 
The proposed fault location scheme only requires the local data of one side 
of the line segment. After isolating the fault by SSCBs, the performance of the 
faulty line will change to a equivalent RLC circuit. Thus, the LIED starts to 
measure the line current and during this stage, the equivalent circuit of the 
system is represented in Fig. 34. Once the SSCBs isolated the line, an RLC 









d i t R R di t
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L dt L Cdt
+
+ + =  (50) 
where R1 and L1 are the resistance and inductance of the line between LIED 
and fault location, respectively. if(t) is the fault current, C is the capacitor of 
the inverter, and Rf is the fault resistance. Therefore, the if(t) value in terms of 
the time can be determined by 
( ) ( cos( ) sin( ))tfi t e D t E t
  −= +  (51) 




























Since there are four unknown parameters in (41), more generate equations 
are essential to determine the unknown parameters. Thus, by using Taylor 
series, (41) is rewritten by neglecting higher-order terms by 
3 2
1 2 3 4( )fi t Pt P t P t P= + + +  (53) 
where, 




























Consequently, the LIED needs the current measured with only four 
samples to calculate the values of P1, P2, P3, and P4 based on the underdamped 
current, as shown in Fig. 35, to a cubic equation. Solving (44) will give the 
values of ω, α, E, and D. Therefore, by substitution of ω, α, E, and D into (42), 
the values of L1, Rf, and R1 will be calculates. Moreover, for determining L1 
and R1, the Rsd and Lsd should be replaced with them, where d is the fault 





Fig. 35. Probe current response for different sample times (Figure from JP4). 
4.2.1. Experimental Results of Proposed Fault Estimation Scheme 
Fig. 36 (a) and (b) represents the experimental results of a HIF with fault 
resistance of 2 Ω and 3 Ω at 2 km, and 1 km distance from the LIED, 
respectively. The fault current magnitudes is 5.84 A for fault at 2 km, and 4.81 
A for fault at 1 km, and they are damped after approximately 200 ms.   
By using the proposed scheme, the fault distances are calculated for 
different fault conditions. These values are shown in Table 6. The maximum 










Fig. 36. The fault current of the LIED at one end of line for fault resistance of (a) 2 Ωs with 2 km (b) 
3 Ωs with 1 km distance from LIED (Figure from JP4). 
Table 6. Table from JP4, the results of fault location estimation for experimental tests 
Fault resistance (Ω) Actual fault location (m) Estimated fault location (m) Error (%) 
1.4 1000 986 1.36 
2.2 1000 985 1.48 
3.2 1000 983 1.66 
3.0 2000 1967 1.64 
4.8 2000 1965 1.74 
5.3 2000 1964 1.79 
5.5 3000 2939 2.03 
6.0 3000 2936 2.11 




4.3. Proposed Fault Location Scheme by Using Support Vector 
Machines (SVMs) 
The SVM-based fault location method is proposed in this section. The 
diagram of the different machine learning methods and their applications on 
fault location is presented in Fig. 37. The features used for developing a fault 
location estimator is based on the derivative of the current waveform over time 
di/dt, the maximum amplitude of fault current (I), and cable resistance (R). To 
train machine learning models, the distributed data are randomly into a testing 
parts (20%) and training data set (80%). The feature model of the whole data 
based on di/dt respect to R and I and respect to I  are illustrated in Fig. 38 (a) 
and (b). It is concluded that the quadratic support vector machine (QSVM) 
[45] and fine k-nearest neighbor algorithm (KNN) [46] have the highest 
accuracy to estimate the locations of the faults. 
 

























Fig. 38. The feature space model of faults according to (a) I-di/dt. (b) R-I (Figure from JP6). 
The evaluation of the proposed scheme has been investigated in terms of 
the fault location accuracy during LIFs and HIFs. As shown in Fig. 39, 
different machine learning techniques, namely, SVM, ensemble learning, 
linear discriminant, and quadratic discriminant are investigated to find the 
optimum technique. It has been found that KNN and SVM methods have the 
best accuracy and ensemble learning has the lowest accuracy. The results of 
the developed techniques are presented in Fig. 39. Fig. 40 (a) and (b) represent 
the performance of SVM and quadratic discriminant techniques. It can be seen 
that the SVM classify successfully the features from the test data set without 
any mistakes. However, in quadratic discriminant, some of the features have 
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not been assigned to the right class, which is represented with a cross sign in 
fig 40 (a). 
 























   The proposed scheme only requires the measured current of one side, and 
the derivative and magnitude of the fault current are extracted for all cases to 
design the fault location relay. For example, for a fault at t= 8.2 s, fault 
location of 400m, with fault resistance of 3.2 Ω, the fault current characteristic 
is depicted in Fig. 41. In this case, since the α2<ω0
2, the fault current has an 
underdamped nature with a peak value of 6.27 A, and the slope of 734 A/s. 
This high value of slope proves the low rise time in DC systems. Therefore, a 
high sampling rate is essential in DC systems. Moreover, the inequality 
α2<ω0
2 can be written as  
2 2 2 24 4L C R C −  (55) 
Thus, by increasing the value of fault resistance, the value of 4-R2C2 




Fig. 41. The fault current performance for a LIF (Figure from JP6). 
Table 7 presents the results of the estimated HIF location by the proposed 
technique using SVM for estimating four possible faulty locations in a range 
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of HIF resistances. The minimum fault location and resistance estimation error 
is approximately 100%, then the results of the proposed scheme to estimates 
the location of HIFs and LIFs in DC Microgrids are excellent.  
To investigate the performance of the proposed method during noise and 
bad calibration input data, all measured values are multiplied by a normally 
distributed random number with zero mean and 1%, standard deviation, and 
for considering bad calibration, the measured magnitudes are multiplied by 
1.05. The results are shown in Table 8.  
Tables 8 show that the errors of fault resistance and location estimation in 
noisy situations. The average error for fault without noise is 1.82 %, and it 
increases slightly to 1.94% for bad calibration and it remains acceptable. 
Table 7.  Table from JP6, results for fault location using proposed scheme 
Actual fault location (m) Actual fault resistance (Ω) di/dt Error (%) 
0 6.215 809.6 1.51 
400 3.678 682.29 4.13 
400 16.847 180.10 2.36 
800 7.214 217.02 2.10 
800 18.105 86.71 1.40 
1200 9.495 19.02 0.33 















Table 8. Table from JP6, results for fault location using proposed scheme with noise generated (0,1%) 
and bad calibration in sensor 
Actual fault location (m) Actual fault resistance (Ω) di/dt Error (%) 
0 6.215 842.0360 0.18 
400 3.678 709.6254 4.27 
400 16.847 187.3156 5.13 
800 7.214 225.7147 2.51 
800 18.105 90.1840 0.64 
1200 9.495 19.7820 0.255 
1200 13.807 8.1853  0.60 
 
 
4.3.1. Comparison of the Proposed Fault Location Methods and Existing 
Works 
The proposed fault location methods are compared with [47]-[51]. The 
suggested methods in [47] and [49] require additional equipment for the 
protection of DC microgrids. In [49] and [47], an inductance based and RLC 
based fault location estimator is proposed and installed both ends of the under-
protected line, respectively. After the fault, the stored energy of the fault 
location device is discharge in the circuit to estimate the fault location by using 
the measured values of current. However, the maximum error and fault 
resistance of [49] are 13% and 10 Ω, respectively. Moreover, in [47], these 
maximum values are 8% and 2 Ω, respectively. However, both methods 
require a communication channel, which increases the cost of the system.  
In [48] and [50], the location of the fault in DC microgrids is estimated by 
solving transient equations and neural networks, respectively. In both 
schemes, the measured values of voltage and current of both sides of the line 
segment are sent by communication links to protection function. However, the 
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fault location of HIFs is considered in [50]. The suggested method of [51] is 
designed without utilizing communication links.  
Table 9. Comparison of the proposed scheme with other existing DC fault location methods 










8% 2 Ω Yes Ring 
[48] Moderate 6% 2 Ω Yes Radial 
[49] Extremely 
high 
13% 10 Ω Yes Ring 
[50] Extremely 
High 
2% 2.4 Ω Yes Ring 














Low 5% 20 Ω No Ring 
 
The proposed methods use a local structure without using any additional 
equipment, then, the cost of these methods is minimized. All schemes are 
equipped with HIF locators, however, the maximum fault resistance of the 
CPL protection method is limited to 6 Ω. In addition, the proposed parameter 
estimation method and SVM technique can locate faults in both ring and radial 
systems, however, the CPL protection is designed for radial systems. 
Moreover, the errors of all proposed method are in the same range, at 5%, 





Conclusion and Future Work 




   
5.1. Conclusion 
The previous DC microgrid fault detection and location schemes are 
effective theoretically, however, they almost require communication links, or 
cannot be effective during HIFs. Consequently, these methods are costly to be 
implemented in practical DC systems. Thus, in this work, localized fault 
location and detection schemes were proposed to protect the DC Microgrid 
and DC Microgrid clusters without using the communication channels. 
Therefore, the failure probability, cost, noise, and delay due to the 
communication channels are minimized. The obtained results proved the 
accuracy of the proposed schemes for different fault distances and resistances 
and scenarios. The proposed methods are examined in scaled hardware setup 
to validate the accuracy of these methods. Finally, the performance of the 
proposed approaches was investigated by performing simulations in 
MATLAB/Simulink environment, and the results were verified 
experimentally by experimental setup tests during the HIFs and LIFs to prove 
the authenticity, accuracy, and effectiveness of the proposed schemes on 
different conditions. Furthermore, the proposed protection strategies were 
compared with other existing methods, and the comparative results define that 
the proposed schemes have a lower error, and higher effectiveness compared 




In this work, the fault detection and location method for DC 
Microgrids and clusters are proposed, however, some future works 
can be applied to this work: 
• Improve the model of protection system by taking into account the 
uncertainties of renewable energy resources. 
• Development of a protection system for an special application such 
as maritime DC Microgrid or aircrafts. 
• Development of an international standard for the protection design 
of DC Microgrids. 
• Investigate the protection issues of hybrid AC/DC Microgrids. 
• Analyzing the impact of different converter structures on the 
protection of DC systems. 
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